To know the nature and mechanisms of spontaneous mutations in mitochondrial DNA (mtDNA), we determined, by direct cycle sequencing, the nucleotide sequence of the 3' terminal region of the mitochondrial 16S rRNA gene from chloramphenicol-resistant (CAP-R) mutants isolated in Chinese hamster V79 cells. Four different base substitutions were identified in common for the six CAP-R mutants. All mutations were heteroplasmic. One A to G transition was mapped at a site within the putative peptidyl transferase domain, the target region for chloramphenicol, and one G to A transition and two T to G transversions were located within the two different segments which form the stems of the hairpin loop structures attached to this key domain in the predicted secondary structure of 16S rRNA. The mutations detected in this study do not map to the same sites where CAP-R mutations were found previously in mammalian cells. Allele specific-PCR analyses revealed that all four mutations occurred on a single mutant-DNA molecule, but not on several ones independently. Together with the other previous reports, our data suggest that spontaneous mtDNA mutations may not be caused exclusively by oxidative DNA damage at least in 16S rRNA gene.
INTRODUCTION
All mammalian cells possess two distinctive genomes, one located in the nucleus and the other in mitochondria. A single mammalian somatic cell typically contains a few hundred to several thousand mitochondria, each with multiple copies of its own DNA (Gillham, 1994) . Mammalian mitochondrial genome exists as a double-stranded covalently-closed circular DNA molecule of 16.5 kbp in length, and encodes two rRNAs, 22 tRNAs and 13 proteins which are essential to respiration and oxidative phosphorylation (Anderson et al., 1981) . MtDNA has been reported to mutate evolutionarily 6 to 17 times faster than nuclear DNA sequences (Brown et al., 1979) . This increased mutability is likely due to a reduced fidelity of mtDNA replication and/or DNA repair.
On the other hand, point mutations and deletions in mtDNA are undoubtedly associated with mitochondrial myopathy diseases and aging. In addition, specific patterns of mutations have been shown recently in mtDNA from human malignant tumors (Polyak et al., 1998) .
Understanding of the spontaneous mutagenesis in mtDNA, therefore, is important not only in genetics, but also in medical science (Larsson and Clayton, 1995; Sherratt et al., 1997; Wallace et al., 1997) . The knowledge about the mutagenesis in mtDNA is limited while the mutagenesis in nuclear DNA is relatively well characterized.
It has been shown that in mammalian cells, the phenotype of resistance to chloramphenicol (CAP-R), an antibiotic inhibitor of organelle protein synthesis, is mitochondrially inherited and determined by a single base substitution within or near the peptidyl transferase domain of the mitochondrial 16S rRNA gene, to which chloramphenicol binds selectively and blocks peptide chain elongation. (Blanc et al., 1981a and 1981 b; Kearsey and Craig, 1981; Koike et al., 1983; Slott et al., 1983; Howell and Lee, 1989; Howell and Kubacka, 1993; Hashiguchi and Ikushima, 1998) . To gain insight into the spontaneous mutagenesis of mammalian mtDNA, we have analyzed the spontaneous alteration of nucleotide sequences in the mitochondrial 16S rRNA genes from the CAP-R mutants isolated in Chinese hamster V79 cells without any specified mutational treatment.
MATERIALS AND METHODS
Cell culture. The Chinese hamster fibroblast cell line V79 was used in this study. Near-diploid V79 cells were cultured in a-Minimal Essential Medium (α-MEM) supplemented with 10% fetal calf serum and antibiotics at 37°C in humidified atmosphere of 5% CO 2 as described previously (Ikushima, 1990) . Monolayer cultures were subcultured twice a week for routine maintenance.
Cell survival assay. In order to quantify the sensitivity of V79 cells to chloramphenicol, the cell survival was assessed based on the colony forming ability. One hundred cells were seeded in 60 mm tissue culture dishes (Falcon) containing 3 ml of fresh medium supplemented with various concentrations of chloramphenicol (Wako), and cultured for 6 days. The colonies were fixed with 2 ml of methanol for 1 h, stained with 2 ml of 2% Giemsa solution (Merck), and scored visually.
Isolation of CAP-R mutants.
For the isolation of CAP-R mutants, V79 cells were initially plated at the cell density of 2 × 10 6 per 100-mm dish in 10 ml of complete medium including a lethal dose of chloramphenicol (400 µg/ml), and grown for two weeks. To remove dead cells, the medium was renewed every two or three days. Surviving cells were then cultured in the absence of CAP for one week. One colony was picked up from each of three cultures to obtain independent mutant clone, and each colony was separately grown in the absence of CAP. The mutants with resistance to 400 µg/ml CAP isolated in this way were designated as C4R-1, C4R-2 and C4R-3. Furthermore, a culture that had been grown in 400 µg/ ml CAP was replated and grown in complete medium including 500 µg/ml CAP for two weeks. The survivors of this procedure were replated, and cultured in complete medium including CAP (600 µg/ml) for two more weeks. One colony was finally isolated from each of three parallel cultures after one week in CAP-free medium. These CAP-R mutants were designated as C6R-1, C6R-2 and C6R-3. DNA preparation, PCR and DNA sequencing. The nucleotide sequence of the peptidyl transferase domain encoding regions of mitochondrial 16S rRNA gene was determined by direct cycle sequencing in CAP-R mutants and thereof parental cells as previously described (Hashiguchi and Ikushima, 1998) (Fig. 1) . Briefly, the target region was amplified by polymerase chain reaction (PCR). PCR was carried out in a 50 µl reaction mixture containing 0.5 µM primers, 200 µM dNTPs, Ex Taq buffer, 2.5 units of Ex Taq (TaKaRa) and 250 ng of total DNA isolated by standard phenol chloroform extractions in a TaKaRa thermal cycler (model TP2000) (Sambrook 1995) . The target region of ca. 600 bp in length was amplified as two parts, region I and region II, using primer pairs A1-A2 and A3-A4, respectively. Sequences of PCR primers, A1, A2, A3 and A4 were described previously (Hashiguchi and Ikushima, 1998) . PCR was initiated by a 3 min incubation at 94°C, followed by 30 cycles of 1 min 94°C, 1 min 50°C, 1 min 72°C, with a final extension of 1 min at 72°C. Nucleotide sequencing of the PCR products was carried out using the dye terminator sequencing kit (Perkin Elmer) and a 373A DNA sequencer (Applied Biosystems).
Allele specific PCR. The allele specific PCR (AS-PCR) was performed to verify the four heteroplasmic mutations (Tada et al., 1993) . To avoid non-specific amplification, a nested PCR method was applied as shown schematically in Fig. 2 . The first-round PCR was carried out with primers A1 and A4 under the same conditions as described above. The amplified fragments were recovered from 2.0% SeaKem GTG agarose gel (FMC Bioproducts), and used as a template DNA in a second-round of nested AS-PCR. The second-round AS-PCR reaction was carried out by a hot start amplification using AmpliWax PCR Gem 100 (Perkin Elmer) to separate the components of the PCR reaction into an upper and lower layers. The lower layer (25 µl total volume) contained 0.25 µM primers and 50 µM dNTPs while the upper layer (25 µl total volume) contained PCR buffer, 2.5 units of recombinant Taq DNA Fig. 1 . The target region of mitochondrial 16S rRNA gene analyzed in this study. A1, A2, A3 and A4 indicate PCR primers. I to V show five segments that encode the peptidyl transferase domain. The region I and II were separately amplified PCR with primers A1-A2 and A3-A4, respectively, as described previously (Hashiguchi and Ikushima, 1998 
* The number of primer corresponds to the nucleotide position of mutation site. polymerase (TaKaRa Taq) and template DNA amplified by the first reaction. Mutant allele-specific primers were designed to anneal selectively to mutant DNA sequence. Common primer A11 and mutant allele-specific primers A29, A281, A291, A302, the amount of template DNA and annealing temparature used in this AS-PCR are shown in Table 1 and 2, respectively. PCR was initiated with a 3 min incubation at 95°C, followed by 45 cycles of denaturation at 95°C for 10 sec; annealing/extension at the optimal temperature for each primer (see Table 2 ) for 10 sec. The 15 µl of PCR product was electropheresed on 3.5% SeaKem gold agarose gel and visualized by ethidium bromide staining. The yield of the PCR product was determined by image analysis using NIH Image software (version 1.61).
RESULTS
Prior to isolation of CAP-R mutants, the lethal dose of chloramphenicol for wild-type V79 cells was determined by colony formation assay after treatments with 10 to 1,000 µg/ml chloramphenicol. The dose-response curve indicated that the lethal dose of chloramphenicol for V79 cells is 400 µg/ml and LD 50 to be 100 µg/ml (Fig. 3) . Based on this result, the cells were cultured in the medium containing 400 µg/ml or higher concentrations of chloramphenicol to select CAP-R mutant cells. Three CAP-R mutants (C4R-1, -2, -3) were obtained by the selection at 400 µg/ml, and three more mutants (C6R-1, -2, -3) were isolated at 600 µg/ml chloramphenicol. These CAP-R mutants with two different levels of resistance were examined for their sensitivities to chloramphenicol. As shown in Fig. 3, C6R -3, C4R-1 and wild-type V79 cells were resistant to chloramphenicol in the order mentioned. The lethal doses for C6R-3 and C4R-1 were 800 and 600 µg/ml, respectively, while that for the wild-type cells was 400 µg/ml. These CAP-R mutants exhibited lower survival rate than expected at the concentration of chloramphenicol used for their selection.
The direct sequencing of the regions I and II was performed in six CAP-R mutants isolated for this study. The PCR products were directly used for nucleotide sequencing. No alteration of the sequence by the PCR was confirmed with the wild-type DNA, indicating an absence of artificial sequence changes. The region I spans three segments that encode the peptidyl transferase domain, and two other segments of this domain are included in the region II, which comprises the 3' terminal 233 bp of 16S rRNA gene and a part (49 bp) of tRNA from wild-type V79 cells and six CAP-R mutants are shown in Fig. 4 . In six mutants, C4R-1, -2, -3 and C6R-1, -2, -3, three different types of base substitutions were detected at four different sites in the region I in common: one A to G transition at nucleotide position 29, two T to G transversions at positions 281 and 302, and one G to A transition at the position 291 (Fig. 5 and Table 3 ). Every mutation was heteroplasmic, as expected (Fig. 5) .
These four heteroplasmic mutations at position 29, 281, 291 and 302 were verified by AS-PCR using the optimal temperature of annealing and the amount of template DNA shown in Table 2 . Each pair of common primer and mutaion specific primer gave rise to PCR product in CAP-R mutant DNA, but not in wild-type DNA (data not shown). To examine whether or not these four mutations occurred on the same mtDNA molecule, AS-PCR was serially carried out with allele specific primer A29, A281, A291 and A302 according to the strategy depicted in Fig. 2 . As shown in Fig. 6 , it was found that the four point muta- tions co-exist on the same DNA molecule in all of the six CAP-R mutants.
The A to G transition mutation located at nucleotide position 29 was mapped to a site within the sequence that encodes the peptidyl transferase domain, but the G to A transition and the two T to G transversions were located within the two different segments which form the stems of the hairpin loop structures attached to this key domain in the predicted secondary structure of 16S rRNA (Fig. 7 ) (Branlant et al., 1981) . Any type of mutation other than base substitutions described above was not detected in the region I.
No mutations were found in the region II by the alignment of the nucleotide sequences from the CAP-R mutants Novel point mutations in mitochondrial gene with that from the wild-type cells (Fig. 4) .
DISCUSSION
We analyzed the nucleotide sequence of the 3' terminal region of the mitochondrial 16S rRNA gene that spans the peptidyl transferase-encoding segment from six CAP-R mutants in Chinese hamster V79 cells. Direct DNA sequencing was employed so that any errors might not occur in the process of cloning. The alignment of the sequences with that of the parental wild-type cells demonstrated that three different types of base substitutions had occurred at four different sites in the region I in CAP-R mutants: one A to G transition within the sequence encoding the peptidyl transferase domain, and two T to G transversions and one G to A transition outside this key domain, all of which were strangely observed in common for all six CAP-R mutants isolated in this study (Fig. 4 and Table 3 ). In contrast, no nucleotide change was identified at any site within the region II, which also involves two segments encoding the peptidyl transferase domain. No deletion, duplication, inversion or frameshift was observed in the entire target region with a stretch of 590 bp.
It has been reported that three single base transitions occurred at three sites within the peptidyl transferase domain in region I for CAP-R mutants derived from Chinese hamster V79 cell line. Transversions have not been found, but a G to A transition has been identified outside the peptidyl transferase domain in region II (Howell and Kubacka, 1993) . Together with these data, our results suggest that a base substitution which might occur within the peptidyl transferase domain is transition, and that outside the domain, both transitions and transversions might arise. The four mutation sites detected in this study differ from the other six sites which have been reported in mammalian CAP-R mutants (Fig. 7) (Blanc et al., 1981a and 1981b; Kearsey and Craig, 1981; Koike et al., 1983; Slott et al., 1983; Howell and Lee, 1989; Howell and Kubacka, 1993; Hashiguchi and Ikushima, 1998) . It is suggested that mutation sites outside the domain may be also implicated in binding of chloramphenicol, and thus in producing the CAP-R phenotype. The mutation sites within the peptidyl transferase domain appear to be distributed predominantly along the 5' half part (Fig.  7) . This maldistribution of mutations may reflect the differential role of each subregion within the peptidyl trasferase domain for chloramphenicol binding and thus for CAP-R phenotype.
The AS-PCR analysis revealed that four base substitutions co-exist on the same mtDNA molecule in all of the six CAP-R mutants. The result suggests the likelihood that the six CAP-R mutants were clonal expansions of a very rare genotype that was present at low frequency in the V79 cells prior to CAP-R selection, though they were independently isolated from the different cultures. All of the four mutations may not be indispensable for the CAP-R phenotype, but any one of them may be enough to express CAP-R phenotype, because single mutation sites have been identified in mammalian CAP-R mutants (Blanc et al., 1981a and 1981b; Howell and Kubacka, 1993) . The CAP-R mutants isolated in this study are much more resistant to chloramphenicol than the known Chinese hamster CAP-R mutants (Howell and Kubacka, 1993) . The multiple mutation may cause the higher level of CAP-resistance in our CAP-R mutants. Although there is not yet enough evidence to confirm or deny the possibility, these CAP-R mutations would provide a helpful tool to elucidate the structure and the function of the mitochondrial 16S rRNA.
Differences in type and site of mutation were not observed between mutants with a low level of resistance (C4R) and those with a high level of resistance (C6R) to chloramphenicol. This result suggests that the different levels of resistance to chloramphenicol might be caused by factors other than different spectrum of nucleotide change. The different extents of heteroplasmy may be responsible for the different levels of CAP resistance. All base substitutions identified in this study were heteroplasmic, as reported previously for mammalian CAP-R mutants (Howell and Kubacka, 1993) . Even when not all mtDNAs in a cell carry mutation, a mutant phenotype may be expressed. The percentage of mutated mtDNA appears to be a major factor that determines the phenotype expression of a mitochondrial mutation. It has been described that the cellular phenotype changes from CAP-sensitive to CAP-R when the proportion of CAP-R mutant mtDNAs exceeds 25% of the all mtDNAs and that the expression threshold of CAP-R phenotype is as low as 10% (Hayashi et al., 1982; Wallace et al., 1997 ). The involvement of the level of heteroplasmy in determining the different degrees of CAP resistance should be further investigated by measuring the proportion of CAP-R mutant mtDNAs in each CAP-R mutant. In this study, we used the direct sequencing method of PCR-amplified fragments to detect the mutation sites. This technique can detect any mutation present more than 25% of the mutant molecules in a single sample (Polyak et al., 1998) . On the other hand, AS-PCR method used in this study is effective for detection of a mutant DNA in a background of 10 5 wild-type DNA (Tada et al., 1993) . Therefore, there is no the possibility that some mutations was not detected in the CAP-R mutants isolated only by selection on the cultures without any mutagen treatments in this study. Two transitions detected in this study might result from occasional misincorporations of wrong bases by DNA polymerase during replication. On the other hand, the two transversions detected here are presumably caused by oxidative DNA damage produced by reactive oxygen species (ROS), since ROS are generated endogeneously as byproducts during oxidative phosphorylation in mitochon-dria and the steady-state level of 8-oxo-7,8-dihydroxyguanine (8-oxoG), a potent mutagenic modified base is higher in mtDNAs than in nuclear DNAs (Richter et al., 1988) . There are two types of process for generating 8-oxoG on DNA strands; direct oxidation of guanine residue on DNA strands by ROS, and misincorporation of 8-oxo-7,8-dihydro-2'-dGTP (8-oxo-dGTP), an oxidized form of dGTP in the nucleotide pool, opposite to A and C residues of template DNA (Maki and Sekiguchi, 1992) . Since an 8-oxoG forms a base pair with A as well as C, a GC to TA transversion is induced at the site (Shibutani et al., 1991) . When 8-oxo-dGTP is incorporated opposite to A and C, AT to CG transversion and GC to TA tansversion is induced, respectively. It appears that two T to G transversions identified at nucleotide position 281 and 302, were produced through the misincorporation of 8-oxodG opposite to template A during DNA replication. Full understanding of DNA repair mechanisms in mitochondria is needed to know the mechanism generating these point mutations (Croteau and Bohr, 1997; Yakes and van Houten, 1997) .
MtDNA point mutations are causally linked to human mitochondrial myopathies (Sherratt et al., 1997; Wallace et al., 1997) . LHON (Leber's hereditary optic neuropathy) was the first mitochondrial disorder to be associated with a mtDNA point mutation (G to A transition at nucleotide 11778 in the NADH dehydrogenase 4 gene). MELAS (mitochondrial myopathy, encephalopathy, lactic acidosis and stroke-like episodes), MERRF (myoclonus epilepsy and ragged-red fibres syndrome) and NARP (neuropathy, ataxia and retinitis pigmentosa) are causually linked to a heteroplasmic A to G transition at nucleotide 3243 of the tRNA Leu gene, a heteroplasmic A to G transition at nucleotide 8244 and a T to G transversion at nucleotide 8893 of the ATPase 6 gene, respectively. C to T transition at position 2835 of mitochondrial 16S rRNA gene is involved in the pathogenesis of Rett syndrome (Tang et al., 1997) . These facts imply a priori the importance of the study on mtDNA mutagenesis for understanding the development of human disease. The system used in this study provides an easily selectable marker and a valuable tool for investigating the spectrum of base substitutions in mitochondrial gene. Direct sequencing after PCR is a useful assay system to analyse mutational nucleotide changes in mammalian mitochondrial genome.
